Emerging photovoltaic technologies are expected to have lower environmental impacts during their life cycle due to their extremely thin-film technology and resulting material savings. The environmental impacts of four emerging photovoltaics were investigated based on a meta-analysis of life-cycle assessment (LCA) studies, comprising a systematic review and harmonization approach of five key indicators to describe the environmental status quo and future prospects. The status quo was analyzed based on a material-related functional unit of 1 watt-peak of the photovoltaic cell. For future prospects, the functional unit of 1 kWh of generated electricity was used, including assumptions on the use phase, notably on the lifetime. The results of the status quo show that organic photovoltaic technology is the most mature emerging photovoltaic technology with a competitive environmental performance, while perovskites have a low performance, attributed to the early stage of development and inefficient manufacturing on the laboratory scale. The results of future prospects identified improvements of efficiency, lifetime, and manufacturing with regard to environmental performance based on sensitivity and scenario analyses. The developed harmonization approach supports the use of LCA in the early stages of technology development in a structured way to reduce uncertainty and extract significant information during development.
Introduction
Renewable electricity generation technologies-wind, solar, and water-induce very low greenhouse gas (GHG) emissions in their use phase. However, it is well known that upstream processes-extraction of raw materials, production of materials and components, transportation, and manufacturing-consume significant amounts of energy and contribute to GHG emissions and other environmental impacts. For a comprehensive assessment of environmental performance, the full life cycle of production, use, and end-of-life has to be taken into account. The method of life-cycle assessment (LCA) [1, 2] is widely used for investigation of the life-cycle impacts of conventional and renewable electricity generation technologies. After the installation or distribution of the PV system, its operation or use stage starts. In this stage, impacts only occur during the maintenance, repair, and replacement of PV modules or components. For first-and second-generation PVs, these impacts are very low and negligible [15] . For emerging PVs, there are no data on these impacts, which are expected to be higher due to the shorter lifetime at present. The maximum measured lifetime of emerging PVs ranges from less than one year for QDPV and PSC [44, 45] to around seven years for OPV [46] . For DSSC, no data were found. In contrast, first-and second-gen PVs show a lifetime of up to 30 yrs. However, the lifetime of emerging PVs was obtained from laboratory or pilot applications, and it is expected to increase in future. 
Methodological Elements of LCA of Emerging PVs
The assessment of life-cycle impacts follows the LCA method of the ISO standards 14040/14044 [1, 2] . According to these standards, the life-cycle impacts are assessed based on the modeled life cycle, the so-called product system, and they are quantified per impact category indicator in relation to the so-called functional unit of the product system. Whereas the functional unit is the quantifier of the function of the product system, used as a reference unit in LCA, the impact category indicator is the quantifier of the impact category. The considered impact categories are selected depending on the potential environmental impacts and the goal of the LCA study. In this meta-analysis, the life-cycle impacts are used to describe the environmental performance of emerging PVs.
In LCAs of PVs in general, the product system is the modeled PV system, encompassing the components of PV cells, PV modules, and BOS, as well as the considered life-cycle stages in terms of the defined system boundaries (upstream, operation, and downstream stage) and the corresponding processes ( Figure 1) . In contrast to first-and second-generation PVs, the LCAs of emerging PVs do not always assess the full life cycle, but only part of it. Depending on the product system, three functional units are possible for emerging PVs and for PVs in general [48] . Firstly, the functional unit of area, usually 1 m 2 , can be used for the comparison of PV cells or PV modules with the same efficiency. Secondly, in the case of emerging PVs with various efficiencies, the functional unit of 1 watt-peak (W p ) should be used for meaningful results. This functional unit is known as the nominal power and takes into account the maximum efficiency of the PV cell or PV module under standard test conditions, which are a light intensity of 1000 W/m 2 , cell temperature of 25 • C, and air mass of 1.5, according to the standard IEC 61215 of the International Electrochemical Commission [49] . Third, the functional unit of 1 kWh of electricity fed into the grid is typically used for a mature electricity generation technology installed on an industrial scale. The latter is the only functional unit that enables the inclusion of the operation stage ( Figure 1 ). During the life cycle of emerging PVs, on one hand, the potential environmental impact results from the upstream energy inputs of the layer deposition and the production of the PV cell, PV module, and PV system in relation to the energy output during the use phase, and the inputs or outputs during the end-of-life treatment. This results in the use of energy and corresponding GHG emissions. On the other hand, there are impacts resulting from the layer materials, occurring mostly in the upstream and downstream stages due to the material acquisition or end-of-life treatment. During the use stage, these materials are connected and encapsulated to form the final products and, thus, do not come into direct contact with the environment in LCA studies. In LCA studies, the impacts of these materials may contribute to tradeoffs with respect to resource depletion or toxicity impacts.
Systematic Review Approach of LCA Literature and Datasets

Literature and Dataset Search
The systematic review covered literature references, i.e., publications and datasets of LCAs on emerging PVs, from literature databases and the openLCA Nexus repository. The literature search was carried out using four literature databases: Web of Science, Wiley online library, ScienceDirect, and SciFinder. Here, combinations of the following keywords were used: life-cycle assessment, dye-sensitized solar cell, organic photovoltaic, perovskite solar cell, quantum-dot photovoltaic, and copper-zinc-tin-sulfur-selenide solar cell. Further considered synonyms are listed in Table S1 (Supplementary Materials). The search strategy focused exclusively on full journal articles. The identified literature references were published between 2001 and 2018.
The openLCA Nexus repository provides more than 130,000 LCA datasets of 20 LCA databases, including well-known LCA databases such as ecoinvent, GaBi LCA Database, and European reference Life Cycle Database (ELCD; last access: 29 January 2019). However, this repository did not include any LCA dataset for the previously used keywords.
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Literature and Dataset Selection
The identified literature references were primarily screened, and suitable LCA studies and datasets were selected for inclusion in this meta-analysis. The following inclusion criteria were applied:
•
Relevance of the technologies: Only emerging PVs from the fields of DSSC, OPV, PSC, QDPV, and CTZSSe were considered in this meta-analysis. • Quality and relevance of the LCA study: The underlying LCA study of a literature reference had to be in compliance with the ISO 14040/14044 standards [1, 2] . • Completeness and transparency of the LCA study: In this meta-analysis, as a minimum requirement, the product system needed to consider at least the upstream impacts of PV cells (Figure 1 ). Transparency had to be ensured with respect to basic LCA elements, such as the defined goal with the corresponding information on the functional unit and assessed impact categories.
The primary screening resulted in 28 LCA studies (three DSSC, 16 OPV, eight PSC, one QDPV, and zero CTZSSe) on the considered emerging PVs. In most LCA studies, different layer materials, deposition methods, and end-of-life-treatments were analyzed, resulting in more than one LCA dataset per LCA study. Therefore, the 28 LCA studies were further subdivided into 134 LCA datasets. The following secondary inclusion criteria were applied to select suitable LCA datasets:
(1) The LCA dataset was not published previously in another LCA study.
(2) The LCA dataset included, as a minimum life cycle, impacts of the energy demand or the contributed GHG emissions of the production of PV cells. (3) The LCA dataset included information necessary for the conversion of the functional unit to m 2 , W p , or kWh.
Finally, a total number of 22 LCA studies (three DSSC, 67 OPV, 23 PSC, and one QDPV) and 94 LCA datasets were included in this meta-analysis. The excluded LCA datasets are summarized in Table S2 (Supplementary Materials). For CTZSSe, no relevant LCA dataset was found. Therefore, this emerging PV was excluded from this meta-analysis.
Harmonization Approach for LCA Datasets
General Framework
The methodology for harmonization was based on the approach of [11, 12] , which was conceptually designed for first-and second-generation PVs. Their general framework for harmonizing LCA results for PV is described by Equation (1) .
where GHG stands for the GHG emissions in g CO 2 -equivalent (eq) per functional unit of 1 kWh, W refers to the total GHG emitted over the life cycle in g CO 2 -eq, I is the irradiation in kWh/(m 2 ·year), ï is the efficiency as a percentage, PR is the performance ratio of PV systems as a percentage, τ is the lifetime in years, and A is the total module area in m 2 . Based on this equation, two levels of harmonization were discerned in [11, 12] . The first level involves an in-depth investigation of the underlying LCA studies in terms of the alignment of the total GHG impacts with a consistent life cycle, i.e., including or excluding components and life-cycle stages in or from the numerator W. The second level is less resource-intensive and includes only the harmonization of the GHG impacts according to Equation (1) . Whereas both levels were applied in [12] , the harmonization approach of [11] was exclusively restricted to the second level, i.e., no alignment of W, whereby standard values of I, The identified literature references were primarily screened, and suitable LCA studies and tasets were selected for inclusion in this meta-analysis. The following inclusion criteria were plied:
Relevance of the technologies: Only emerging PVs from the fields of DSSC, OPV, PSC, QDPV, and CTZSSe were considered in this meta-analysis. Quality and relevance of the LCA study: The underlying LCA study of a literature reference had to be in compliance with the ISO 14040/14044 standards [1, 2] . Completeness and transparency of the LCA study: In this meta-analysis, as a minimum requirement, the product system needed to consider at least the upstream impacts of PV cells (Figure 1 ). Transparency had to be ensured with respect to basic LCA elements, such as the defined goal with the corresponding information on the functional unit and assessed impact categories.
The primary screening resulted in 28 LCA studies (three DSSC, 16 OPV, eight PSC, one QDPV, d zero CTZSSe) on the considered emerging PVs. In most LCA studies, different layer materials, position methods, and end-of-life-treatments were analyzed, resulting in more than one LCA taset per LCA study. Therefore, the 28 LCA studies were further subdivided into 134 LCA datasets. e following secondary inclusion criteria were applied to select suitable LCA datasets:
The LCA dataset was not published previously in another LCA study. The LCA dataset included, as a minimum life cycle, impacts of the energy demand or the contributed GHG emissions of the production of PV cells. The LCA dataset included information necessary for the conversion of the functional unit to m², Wp, or kWh.
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In this meta-analysis, the harmonization approach encompassed the second level of the definition of the standard values of PR, I, The identified literature references were primarily screened, and suitable LCA studies and tasets were selected for inclusion in this meta-analysis. The following inclusion criteria were plied:
Relevance of the technologies: Only emerging PVs from the fields of DSSC, OPV, PSC, QDPV, and CTZSSe were considered in this meta-analysis. Quality and relevance of the LCA study: The underlying LCA study of a literature reference had to be in compliance with the ISO 14040/14044 standards [1, 2] . Completeness and transparency of the LCA study: In this meta-analysis, as a minimum requirement, the product system needed to consider at least the upstream impacts of PV cells ( Figure 1 ). Transparency had to be ensured with respect to basic LCA elements, such as the defined goal with the corresponding information on the functional unit and assessed impact categories.
The primary screening resulted in 28 LCA studies (three DSSC, 16 OPV, eight PSC, one QDPV, d zero CTZSSe) on the considered emerging PVs. In most LCA studies, different layer materials, position methods, and end-of-life-treatments were analyzed, resulting in more than one LCA taset per LCA study. Therefore, the 28 LCA studies were further subdivided into 134 LCA datasets. e following secondary inclusion criteria were applied to select suitable LCA datasets: ) The LCA dataset was not published previously in another LCA study. ) The LCA dataset included, as a minimum life cycle, impacts of the energy demand or the contributed GHG emissions of the production of PV cells. ) The LCA dataset included information necessary for the conversion of the functional unit to m², Wp, or kWh.
Harmonization Approach for LCA Datasets
General Framework
here GHG stands for the GHG emissions in g CO2-equivalent (eq) per functional unit of 1 kWh, W fers to the total GHG emitted over the life cycle in g CO2-eq, I is the irradiation in kWh/(m²•year), ɳ the efficiency as a percentage, PR is the performance ratio of PV systems as a percentage, τ is the etime in years, and A is the total module area in m².
Based on this equation, two levels of harmonization were discerned in [11, 12] . The first level , and τ as a consistent set, which is generally necessary for the characterization of any PV technology. However, from the systematic review, three requirements were identified to widen the approach of [11] regarding emerging PVs. Firstly, different functional units were found in the LCA datasets on emerging PVs, resulting in additional harmonization to a consistent functional unit. Secondly, the scope of the environmental impacts was widened to include further key indicators in order to account for impacts related to the specific layer materials. Thirdly, to substantiate the comparison of results from the LCA datasets, the consideration of additional methodological specifications was necessary, such as the diverging state of technology development and life-cycle information related to the first level of the harmonization [12] . This information was analyzed in terms of qualitative factors. These requirements resulted in the framework conditions described below for harmonizing LCA results on emerging PVs.
Harmonization to Consistent Functional Units
The LCA datasets on emerging PVs were related to the three definitions of the functional unit: energy, rated power, and area. The rationale behind these definitions of the functional unit was as follows: The comparison of first-and second-generation PVs with each other or with further energy technologies was based on the typical functional unit of 1 kWh of electricity fed into the grid. Accordingly, the functional unit reported for LCA of first-and second-generation PVs in [11, 12] was exclusively defined as 1 kWh of electricity fed into the grid. For the comparison of emerging PVs with first-and second-generation PVs, this functional unit was used as well. However, the choice of the functional unit of energy necessarily requires data on module efficiencies, transmission losses in terms of the performance ratio, location-specific irradiation, and lifetime of the PV systems [48] . As a result, notable assumptions on prospective applications and expected lifetime of emerging PVs are mandatory for the calculation. However, at this development stage, there is hardly any knowledge about these applications and the expected lifetime. Therefore, many LCA studies on emerging PVs did not include such highly speculative assumptions and restricted their research question to investigation of the current production of PV cells or PV modules in laboratories or in pilot plants, as well as using the functional units of area or rated power ( Figure 1 ). Accordingly, the definition of the functional unit depends on the research question or goal of the LCA study.
In this meta-analysis, two research questions (hereafter termed as cases) were investigated and resulted in different functional units per case, which were investigated by means of the harmonized results. Firstly, for the case "characterizing the status quo of environmental performance of emerging PVs", the functional unit of 1 W p provided PV cell, module or system was used. Secondly, for the case of a substantiated discussion on the "possible future environmental performance" in view of a comparison with first-and second-generation PVs, the functional unit was 1 kWh of generated electricity.
Key Indicators (KEYIs)
The key indicators, hereinafter referred to as KEYIs, are the impact category indicators that were selected for a comprehensive description of the potential environmental impacts of the considered emerging PVs and in general for the comparison of PVs. Considering the aforementioned potential environmental impacts, the following five KEYIs were selected for the assessment of the life-cycle impacts, divided into energy-related and material-related KEYIs for the tradeoff consideration:
1.
Energy-related KEYIs:
• Cumulative energy demand (CED): The CED in MJ PE quantifies the primary energy (PE) inputs of the included life cycle stages.
•
Global warming potential (GWP): GWP quantifies the GHG emissions in g of carbon dioxide equivalents (g CO 2 -eq) resulting mostly from the energy demand.
Material-related KEYIs:
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• Resource depletion, mineral, fossil, and renewable resources (RDPf): The RDPf in g of antimony equivalents (g Sb-eq) considers the resource use and impacts on the resource availability. • Toxicity indicators: These indicators are relevant in assessing the toxicity potential of the included layer materials to the ecosystem and human health, assessed by the following two indicators in this meta-analysis:
• Ecotoxicity potential for freshwater (ETPf) in comparative toxic units for ecosystems (CTUe); • Human toxicity, cancer effects (HTPc) in comparative toxic units for human health impact equivalent to the incidence of cancer (CTUh).
In [50] , the consideration of more tradeoffs was highlighted, such as land use or eutrophication. However, for the comparison of emerging PVs, the data coverage is not sufficient (see File S1, Supplementary Materials). Furthermore, the five KEYIs cover the most important tradeoffs for the comparison of PV technologies. Further tradeoff considerations may be important in the case of a comparison with further energy generation technologies. For this case, the harmonization approach is extendable to further impact indicators beyond these five introduced KEYIs.
Key Modeling Assumptions (KEYAs)
The key modeling assumptions, hereinafter referred to as KEYAs, summarize methodological specifications that may influence the total life-cycle impacts of emerging PVs:
1.
LCA type, temporal coverage, and technology scale: These KEYAs were interrelated in LCA studies on emerging PVs. The term LCA type stands here for the modeling approach of the LCA study. It was differentiated into the following:
• Conventional LCA, representing the common approach of LCA studies, particularly commercial technologies which are established on the market and show sufficient primary data quantities for the assessment of the status quo; • Prospective LCA/ex ante LCA, representing an approach particularly for the assessment of emerging technologies to assess their prospective developments in comparison with commercial technologies [51, 52] . Industrial scale, referring to TRLs 8-9 ("system test, launch, and operations").
2.
Product system: The considered product system of emerging PVs can be distinguished into the three options: (1) PV cell, (2) PV module, and (3) PV system. As shown in Figure 1 , the PV system includes more components than the PV cell. Each component has its own impact and, consequently, the consideration of its contributions and tradeoffs is necessary.
3.
Layer components: The different layer options as components of the PV cell are relevant to the life-cycle impacts resulting from the energy requirements of the deposition and from possible hazardous elements or materials. Therefore, the further subdivision of the PV cell into the layer components is necessary to track and compare the life-cycle impacts and the contribution of the layer materials and deposition methods.
4.
System boundary: As mentioned above, the minimum requirement for the selection of a dataset was the inclusion of the upstream stage, i.e., the production of the PV cell. In addition, studies could also include also the operation stage or cover the full life cycle, including the downstream stage. While the inclusion of the operation stage yields electricity generation and, thus, is covered by the respective functional units of energy, the inclusion of the downstream stage is often omitted and hinders the comparison of results. However, since the LCA studies gave very limited information on end-of-life treatment, the contribution of the downstream stage could not be added to the overall result; thus, an important source of tradeoff was not fully considered. Therefore, the influence of the system boundary was taken into account as KEYAs.
Key Performance Parameters (KEYPs)
The key performance parameters, hereinafter referred to as KEYPs, characterize the performance of the PV system, and they were significant for the determination of the maximum electricity yield during the operation stage. The KEYPs were as follows:
1.
Efficiency of the PV cell or PV module (
•
Relevance of the technologies: Only emerging PVs from the fields of DSSC, OPV, PSC, QDPV, and CTZSSe were considered in this meta-analysis.
Quality and relevance of the LCA study: The underlying LCA study of a literature reference had to be in compliance with the ISO 14040/14044 standards [1, 2] . • Completeness and transparency of the LCA study: In this meta-analysis, as a minimum requirement, the product system needed to consider at least the upstream impacts of PV cells ( Figure 1 ). Transparency had to be ensured with respect to basic LCA elements, such as the defined goal with the corresponding information on the functional unit and assessed impact categories.
(2) The LCA dataset included, as a minimum life cycle, impacts of the energy demand or the contributed GHG emissions of the production of PV cells.
(3) The LCA dataset included information necessary for the conversion of the functional unit to m², Wp, or kWh.
Harmonization Approach for LCA Datasets
General Framework
The methodology for harmonization was based on the approach of [11, 12] , which was conceptually designed for first-and second-generation PVs. Their general framework for harmonizing LCA results for PV is described by Equation (1).
where GHG stands for the GHG emissions in g CO2-equivalent (eq) per functional unit of 1 kWh, W refers to the total GHG emitted over the life cycle in g CO2-eq, I is the irradiation in kWh/(m²•year), ɳ is the efficiency as a percentage, PR is the performance ratio of PV systems as a percentage, τ is the lifetime in years, and A is the total module area in m². Based on this equation, two levels of harmonization were discerned in [11, 12] . The first level involves an in-depth investigation of the underlying LCA studies in terms of the alignment of the total GHG impacts with a consistent life cycle, i.e., including or excluding components and life-cycle stages in or from the numerator W. The second level is less resource-intensive and includes only the harmonization of the GHG impacts according to Equation (1) . Whereas both levels were applied in [12] , the harmonization approach of [11] was exclusively restricted to the second level, i.e., no alignment of W, whereby standard values of I, ɳ, PR, and τ were defined and the GHG impacts were harmonized to these standard values using a developed spreadsheet-based meta-model.
In this meta-analysis, the harmonization approach encompassed the second level of the definition of the standard values of PR, I, ɳ, and τ as a consistent set, which is generally necessary for the characterization of any PV technology. However, from the systematic review, three requirements were identified to widen the approach of [11] regarding emerging PVs. Firstly, different functional ); 2.
Performance ratio of the PV system (PR); 3.
Irradiation on the installed PV system (I); 4.
Lifetime of the PV system (τ) and its components.
Results
Systematic Review of LCA Datasets on Emerging PVs
The 22 reviewed LCA studies with the number of respective LCA datasets are given in Table 2 , along with information on the functional units, KEYIs, KEYAs, and KEYPs. For each LCA dataset, the considered KEYIs were specified; CED was the most commonly considered KEYI, with 67 of the 94 LCA datasets considered; GWP was the second most widely considered KEYI, with 59 LCA datasets considered. RDPf and the two toxicity indicators were assessed for almost all LCA datasets on PSC. However, for the other emerging PVs, these KEYIs were only considered in three LCA studies, with 8-11 LCA datasets on OPV and none on DSSC and QDPV considered. For OPV, 67 LCA datasets from 14 LCA studies could be selected and, for PSC, 23 LCA datasets from six LCA studies could be selected. However, for DSSC and QDPV, only one LCA study with three and one LCA datasets, respectively, could be found. Finally, a total number of 22 LCA studies (three DSSC, 67 OPV, 23 PSC, and one QDPV) and 94 LCA datasets were included in this meta-analysis. The excluded LCA datasets are summarized in Table S2 (Supplementary Materials). For CTZSSe, no relevant LCA dataset was found. Therefore, this emerging PV was excluded from this meta-analysis.
Harmonization Approach for LCA Datasets
General Framework
In this meta-analysis, the harmonization approach encompassed the second level of the definition of the standard values of PR, I, ɳ, and τ as a consistent set, which is generally necessary for the characterization of any PV technology. However, from the systematic review, three requirements were identified to widen the approach of [11] datasets were selected for inclusion in this meta-analysis. The following inclusion cr applied:
•
Relevance of the technologies: Only emerging PVs from the fields of DSSC, OPV, P and CTZSSe were considered in this meta-analysis.
Quality and relevance of the LCA study: The underlying LCA study of a literature ref to be in compliance with the ISO 14040/14044 standards [1, 2] . • Completeness and transparency of the LCA study: In this meta-analysis, as a requirement, the product system needed to consider at least the upstream impacts ( Figure 1 ). Transparency had to be ensured with respect to basic LCA elements, s defined goal with the corresponding information on the functional unit and asses categories.
The primary screening resulted in 28 LCA studies (three DSSC, 16 OPV, eight PSC, and zero CTZSSe) on the considered emerging PVs. In most LCA studies, different laye deposition methods, and end-of-life-treatments were analyzed, resulting in more than dataset per LCA study. Therefore, the 28 LCA studies were further subdivided into 134 LC The following secondary inclusion criteria were applied to select suitable LCA datasets:
(2) The LCA dataset included, as a minimum life cycle, impacts of the energy dem contributed GHG emissions of the production of PV cells. (3) The LCA dataset included information necessary for the conversion of the functional Wp, or kWh.
Finally, a total number of 22 LCA studies (three DSSC, 67 OPV, 23 PSC, and one QD LCA datasets were included in this meta-analysis. The excluded LCA datasets are sum Table S2 (Supplementary Materials). For CTZSSe, no relevant LCA dataset was found. The emerging PV was excluded from this meta-analysis.
Harmonization Approach for LCA Datasets
General Framework
The methodology for harmonization was based on the approach of [11, 12] , w conceptually designed for first-and second-generation PVs. Their general fram harmonizing LCA results for PV is described by Equation (1).
where GHG stands for the GHG emissions in g CO2-equivalent (eq) per functional unit o refers to the total GHG emitted over the life cycle in g CO2-eq, I is the irradiation in kWh/( is the efficiency as a percentage, PR is the performance ratio of PV systems as a percenta lifetime in years, and A is the total module area in m².
Based on this equation, two levels of harmonization were discerned in [11, 12] . The involves an in-depth investigation of the underlying LCA studies in terms of the alignm total GHG impacts with a consistent life cycle, i.e., including or excluding components an stages in or from the numerator W. The second level is less resource-intensive and includ harmonization of the GHG impacts according to Equation (1). Whereas both levels were R : efficiency; τ R : lifetime; PR R : performance ratio; I R : irradiation; DS: number of LCA data sets per study; N/A: data not available.
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The systematic review of the KEYAs was conducted according to the four qualitative factors. None of the reviewed LCA studies reported the TRLs nor distinguished between conventional and prospective LCAs, since the latter distinction emerged recently in [51, 52] . Therefore, the classification of LCA type and the technology scale was conducted based on keywords and data sources of the reviewed LCA datasets (see File S1, Supplementary Materials, for more information on this classification). In particular, for the LCA studies on PSC, based on primary data sources, specified keywords such as "laboratory production" [30] , "laboratory-scale experiments" [39] , and "pilot line facility" [27] allowed a clear classification of the technology scale and LCA type. In contrast, there were LCA studies based on secondary data sources and prospective assumptions on future development for which a clear classification of the technology scale was difficult, since the prospective assumptions were not specified in a transparent manner. Therefore, the classification of the upscaled technology scale was not clear. For these prospective LCA studies, the technology scale was not differentiated between pilot and industrial scale (PI/IN). The systematic review showed that OPV was mostly assessed by prospective LCAs (16 of 67 LCA datasets) or based on pilot-or industrial-scale manufacturing routes (35 of 67 LCA datasets). For PSC, only two LCA studies considered prospective assumptions, but most LCA datasets (18 of 23) were assessed based on the current laboratory scale, with the number of TRLs lower than four. The DSSC and QDPV datasets both came from prospective LCAs. Consequently, the assessed OPV was more mature than the other three emerging PVs considering the reviewed LCA datasets in this meta-analysis.
Regarding the considered product system, most LCA datasets on OPV considered PV modules and those on PSC considered PV systems. The latter is surprising since the PV system includes the BOS components that are highly dependent on the unknown future application of PSC. Consequently, this is a highly speculative assumption at this stage of development. The layer components of the reviewed LCA datasets are summarized in Table 1 (more detailed layer information per LCA dataset can be found in File S1, Supplementary Materials). Considering the system boundaries, the full life cycle was only assessed in two LCA studies. The downstream stage was only included in 27 of the 94 LCA datasets. In most LCA data sets, the focus lay in the upstream stage (47 of the 94 LCA datasets).
The systematic review on the KEYPs showed high variations, varying from too pessimistic to too optimistic, influenced by the KEYAs. The assumed efficiency of the reviewed LCA datasets ranged from 0.7% to 7.7% for OPV and from 4.88% to 20.0% for PSC. In spite of these high variations, it was observed that the efficiency of PSC was generally higher than OPV as confirmed in the literature [3] . However, the efficiency of OPV was assumed pessimistically considering the current maximum reported efficiency of 15.6%, trackable by the best research cell efficiency chart of the National Renewable Energy Laboratory (NREL) [3] or by the solar cell efficiency tables by [55] . The single values for DSSC and QDPV rather fell into the range of PSC efficiency, even though their current maximum reported efficiencies were in the range of the OPV maximum. Taking into account the KEYAs, the influence of the technology scale was low. Despite the low TRLs of PSC, they showed efficiencies in the range of first-and second-generation PVs. In contrast, the considered product system and the layer components had high influences on the reviewed efficiencies. Due to the larger active area of PV cells, they showed higher efficiencies than PV modules or PV systems. In contrast to the best reported ones, the efficiency of the PV cells was influenced strongly by the layer components and the included materials, e.g., the PSC with lead in the active layer showed generally higher efficiency than the one with tin. The system boundaries had no influence at all. The reviewed lifetimes varied for all four emerging PVs between one and 25 years. These figures should generally be rated as highly speculative assumptions due to the three reasons. Firstly, they cannot be proven by the maximum reported lifetimes. Secondly, low lifetime assumptions (1-2 years) result from the current state of research and are currently more realistic. Thirdly, the lifetime assumptions are not influenced by the choice of product systems, layer components, and system boundaries. The other two KEYPs, I and PR, were assumed as 1700 kWh/(m 2 ·year) and 80% in almost all reviewed LCA datasets. The irradiation represents the average yearly solar energy achievable per m 2 and depends on the location of the operation stage of the PVs. The value of 1700 kWh/(m 2 ·year) was the typical value of southern Europe; however, in central Europe, lower values were obtainable, while higher values were obtainable in the southwestern part of the United States. The product of irradiation and efficiency specifies the direct current generated by the PV cell, module, or system. In contrast, the performance ratio indicates the share of the direct current that is finally fed into the grid as alternating current after deduction of the system-related losses. Eighty percent is the typically used value for ground-mounted systems [48] . Currently, even higher values of 90% are possible due to improvements in inverter efficiencies, as well as the design and maintenance of PV systems in recent years [48, 56] . Both KEYPs were only relevant for the operation stage.
Harmonization of LCA Datasets on Emerging PVs
Mathematical Procedure of the Harmonization
The progressive alignment of the KEYIs of each reviewed LCA dataset to the harmonized KEYIs was performed according to Equations (2)-(7), as given in Table 3 . Due to the fact that different functional units were encountered in LCA studies, the calculation encompassed two steps. In the first step, the values of the KEYIs were converted to the functional unit of 1 m 2 according to Equation (2), which was independent of the dataset-specific KEYPs (
(2) The LCA dataset included, as a minimum life cycle, impacts of the energy demand or the contributed GHG emissions of the production of PV cells. (3) The LCA dataset included information necessary for the conversion of the functional unit to m², Wp, or kWh.
Harmonization Approach for LCA Datasets
General Framework
In this meta-analysis, the harmonization approach encompassed the second level of the definition of the standard values of PR, I, ɳ, and τ as a consistent set, which is generally necessary for the characterization of any PV technology. However, from the systematic review, three requirements were identified to widen the approach of [11] regarding emerging PVs. Firstly, different functional , PR, I, τ). For this conversion, three conversion factors depending on the functional unit of the reviewed LCA datasets were necessary (Equations (3)-(5)). As described before, the unit of areas was independent of the dataset-specific KEYPs; thus, the conversion factor was 1 (Equation (3)). In contrast to this, the units of power and energy were influenced by these KEYPs and, consequently, the conversion aimed for the mitigation of their influences by removing the dataset-specific information (Equations (4) and (5) . In the second step, the values per 1 m 2 were converted to the case-specific functional unit of 1 W p or 1 kWh by the use of standard values of pliance with the ISO 14040/14044 standards [1, 2] . ess and transparency of the LCA study: In this meta-analysis, as a minimum t, the product system needed to consider at least the upstream impacts of PV cells Transparency had to be ensured with respect to basic LCA elements, such as the l with the corresponding information on the functional unit and assessed impact y screening resulted in 28 LCA studies (three DSSC, 16 OPV, eight PSC, one QDPV, e) on the considered emerging PVs. In most LCA studies, different layer materials, ods, and end-of-life-treatments were analyzed, resulting in more than one LCA study. Therefore, the 28 LCA studies were further subdivided into 134 LCA datasets. condary inclusion criteria were applied to select suitable LCA datasets:
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•
Quality and relevance of the LCA study: The underlying LCA study of a literature reference had to be in compliance with the ISO 14040/14044 standards [1, 2] .
Completeness and transparency of the LCA study: In this meta-analysis, as a minimum requirement, the product system needed to consider at least the upstream impacts of PV cells (Figure 1) . Transparency had to be ensured with respect to basic LCA elements, such as the defined goal with the corresponding information on the functional unit and assessed impact categories.
Harmonization Approach for LCA Datasets
General Framework
where GHG stands for the GHG emissions in g CO2-equivalent (eq) per functional unit of 1 kWh, W refers to the total GHG emitted over the life cycle in g CO2-eq, I is the irradiation in kWh/(m²•year), ɳ is the efficiency as a percentage, PR is the performance ratio of PV systems as a percentage, τ is the lifetime in years, and A is the total module area in m².
Based on this equation, two levels of harmonization were discerned in [11, 12] . The first level involves an in-depth investigation of the underlying LCA studies in terms of the alignment of the total GHG impacts with a consistent life cycle, i.e., including or excluding components and life-cycle stages in or from the numerator W. The second level is less resource-intensive and includes only the harmonization of the GHG impacts according to Equation (1) . Whereas both levels were applied in [12] , the harmonization approach of [11] was exclusively restricted to the second level, i.e., no alignment of W, whereby standard values of I, ɳ, PR, and τ were defined and the GHG impacts were harmonized to these standard values using a developed spreadsheet-based meta-model.
In this meta-analysis, the harmonization approach encompassed the second level of the definition of the standard values of PR, I, ɳ, and τ as a consistent set, which is generally necessary for the characterization of any PV technology. However, from the systematic review, three requirements were identified to widen the approach of [11] regarding emerging PVs. Firstly, different functional The identified literature references were primarily screened, and suitable LCA studies and datasets were selected for inclusion in this meta-analysis. The following inclusion criteria were applied:
•
Completeness and transparency of the LCA study: In this meta-analysis, as a minimum requirement, the product system needed to consider at least the upstream impacts of PV cells (Figure 1 ). Transparency had to be ensured with respect to basic LCA elements, such as the defined goal with the corresponding information on the functional unit and assessed impact categories.
Harmonization Approach for LCA Datasets
General Framework
In this meta-analysis, the harmonization approach encompassed the second level of the definition of the standard values of PR, I, ɳ, and τ as a consistent set, which is generally necessary for the characterization of any PV technology. However, from the systematic review, three requirements were identified to widen the approach of [11] this meta-analysis.
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In the case of efficiency datasets were included in this meta-analysis. The excluded LCA datasets are summarized in S2 (Supplementary Materials). For CTZSSe, no relevant LCA dataset was found. Therefore, this ing PV was excluded from this meta-analysis.
armonization Approach for LCA Datasets General Framework he methodology for harmonization was based on the approach of [11, 12] , which was ptually designed for first-and second-generation PVs. Their general framework for onizing LCA results for PV is described by Equation (1).
GHG stands for the GHG emissions in g CO2-equivalent (eq) per functional unit of 1 kWh, W to the total GHG emitted over the life cycle in g CO2-eq, I is the irradiation in kWh/(m²•year), ɳ efficiency as a percentage, PR is the performance ratio of PV systems as a percentage, τ is the e in years, and A is the total module area in m². ased on this equation, two levels of harmonization were discerned in [11, 12] . The first level es an in-depth investigation of the underlying LCA studies in terms of the alignment of the HG impacts with a consistent life cycle, i.e., including or excluding components and life-cycle in or from the numerator W. The second level is less resource-intensive and includes only the onization of the GHG impacts according to Equation (1). Whereas both levels were applied in the harmonization approach of [11] was exclusively restricted to the second level, i.e., no ent of W, whereby standard values of I, ɳ, PR, and τ were defined and the GHG impacts were onized to these standard values using a developed spreadsheet-based meta-model. n this meta-analysis, the harmonization approach encompassed the second level of the tion of the standard values of PR, I, ɳ, and τ as a consistent set, which is generally necessary for aracterization of any PV technology. However, from the systematic review, three requirements identified to widen the approach of [11] regarding emerging PVs. Firstly, different functional H , the standardization was drawn on the reporting of progress and achievement of efficiency increase for the best PV research cells provided by [3] and [55] . Here, the emerging PVs were ranked from the highest to the lowest measured best cell efficiencies as follows: PSC (23.7%), QDPV (16.6%), OPV (15.6%), and DSSC (11.9%) [3]. To define a standard value of each emerging PV, the ratio of the best cell efficiencies to the harmonized module efficiencies of the first-and second-generation PVs in [11, 12] was considered, which resulted in a ratio of 50% for all technologies (see Table S3 , Supplementary Materials, for more information). The final standard values used for the harmonization of the four emerging PVs are given in Table 3 . The values assume uniform efficiencies per emerging PV even though the emerging PVs might be further subdivided per morphology. To obtain the most promising morphology, i.e., most efficient and stable cells, using the bulk heterojunction approach was one of the biggest challenges of the current research [57] [58] [59] [60] . To account for the variations in the efficiency assumptions depending on the morphology, a sensitivity analysis on the efficiency from 1% to 20% was conducted.
The irradiation I H in kWh/(m 2 ·year), performance ratio PR H as a percentage of the PV system, and operating lifetime τ H in years were only needed for the case of a functional unit of 1 kWh of generated electricity. While I H and PR H are set to 1700 kWh/(m 2 yr) and 80%, respectively, according to [11, 12] , where no standard value of τ H was defined. Due to the high uncertainty, the influence of the lifetime was assessed by means of sensitivity analysis. The sensitivity analysis covered the range of lifetimes from one year, which was the lowest estimate of studies and, thus, the worst-case assumption, to 30 years, which was the typical lifetime of first-and second-generation PV applications. It should be noted that the latter value is purely hypothetical at this stage of development and is only used for comparability reasons.
The two spreadsheet-based meta-models for the harmonization of the KEYIs using these standard values of the KEYPs can be found in File S1 (Supplementary Materials).
Status Quo of the Environmental Performance of Emerging PVs
The environmental status quo was evaluated based on the median and the interquartile range (IQR) (75th minus 25th). For OPV and PSC, as a result of harmonization, the IQR distributions decreased for all KEYIs. For the medians and the other two emerging PVs, there was no clear finding. Here, the medians decreased for all KEYIs in the case of OPV and only for CED and GWP in the case of PSC, since the standardized gies 2019, 12, x FOR PEER REVIEW 6 of 26
The identified literature references were primarily screened, and suitable LCA studies and asets were selected for inclusion in this meta-analysis. The following inclusion criteria were lied:
Relevance of the technologies: Only emerging PVs from the fields of DSSC, OPV, PSC, QDPV, and CTZSSe were considered in this meta-analysis. Quality and relevance of the LCA study: The underlying LCA study of a literature reference had to be in compliance with the ISO 14040/14044 standards [1, 2] . Completeness and transparency of the LCA study: In this meta-analysis, as a minimum requirement, the product system needed to consider at least the upstream impacts of PV cells (Figure 1) . Transparency had to be ensured with respect to basic LCA elements, such as the defined goal with the corresponding information on the functional unit and assessed impact categories.
The primary screening resulted in 28 LCA studies (three DSSC, 16 OPV, eight PSC, one QDPV, zero CTZSSe) on the considered emerging PVs. In most LCA studies, different layer materials, osition methods, and end-of-life-treatments were analyzed, resulting in more than one LCA aset per LCA study. Therefore, the 28 LCA studies were further subdivided into 134 LCA datasets.
following secondary inclusion criteria were applied to select suitable LCA datasets:
The LCA dataset was not published previously in another LCA study.
The LCA dataset included, as a minimum life cycle, impacts of the energy demand or the contributed GHG emissions of the production of PV cells. The LCA dataset included information necessary for the conversion of the functional unit to m², Wp, or kWh.
Finally, a total number of 22 LCA studies (three DSSC, 67 OPV, 23 PSC, and one QDPV) and 94 A datasets were included in this meta-analysis. The excluded LCA datasets are summarized in le S2 (Supplementary Materials). For CTZSSe, no relevant LCA dataset was found. Therefore, this erging PV was excluded from this meta-analysis.
Harmonization Approach for LCA Datasets
General Framework
The methodology for harmonization was based on the approach of [11, 12] , which was ceptually designed for first-and second-generation PVs. Their general framework for monizing LCA results for PV is described by Equation (1).
ere GHG stands for the GHG emissions in g CO2-equivalent (eq) per functional unit of 1 kWh, W rs to the total GHG emitted over the life cycle in g CO2-eq, I is the irradiation in kWh/(m²•year), ɳ he efficiency as a percentage, PR is the performance ratio of PV systems as a percentage, τ is the time in years, and A is the total module area in m².
Based on this equation, two levels of harmonization were discerned in [11, 12] . The first level olves an in-depth investigation of the underlying LCA studies in terms of the alignment of the l GHG impacts with a consistent life cycle, i.e., including or excluding components and life-cycle es in or from the numerator W. The second level is less resource-intensive and includes only the monization of the GHG impacts according to Equation (1) . Whereas both levels were applied in ], the harmonization approach of [11] was exclusively restricted to the second level, i.e., no nment of W, whereby standard values of I, ɳ, PR, and τ were defined and the GHG impacts were monized to these standard values using a developed spreadsheet-based meta-model.
In this meta-analysis, the harmonization approach encompassed the second level of the inition of the standard values of PR, I, ɳ, and τ as a consistent set, which is generally necessary for characterization of any PV technology. However, from the systematic review, three requirements re identified to widen the approach of [11] regarding emerging PVs. Firstly, different functional H values were higher than the assumptions of the reviewed LCA datasets. In contrast, the medians of the other KEYIs increased due to higher efficiency assumptions. For DSSC and QDPV, the single values for the two KEYIs, CED and GWP, increased as well due to the high speculative assumed efficiencies of their reviewed LCA datasets. Overall, there was a correlation between CED and GWP; both medians decreased by about 60% for OPV and by about 10% for PSC, as well as increased by about 30% for DSSC and by 75% for QDPV. The rationale behind the correlation was that the energy demand was still covered to a large extent by fossil fuels, responsible for large extents of GHG emissions and, consequently, for high GWP impacts. For the other three KEYIs, no quantifiable correlation was identified at this point (see Table S4 , Supplementary Materials).
In Figure 2 , the results of the environmental status quo are presented as boxplots of the five harmonized KEYIs, indicating the median, IQR, and the minimum and maximum values. In order to depict the influence of the standardized efficiencies The identified literature references were primarily screened, and suitable LCA studies and datasets were selected for inclusion in this meta-analysis. The following inclusion criteria were applied: • Relevance of the technologies: Only emerging PVs from the fields of DSSC, OPV, PSC, QDPV, and CTZSSe were considered in this meta-analysis. • Quality and relevance of the LCA study: The underlying LCA study of a literature reference had to be in compliance with the ISO 14040/14044 standards [1, 2] . • Completeness and transparency of the LCA study: In this meta-analysis, as a minimum requirement, the product system needed to consider at least the upstream impacts of PV cells (Figure 1) . Transparency had to be ensured with respect to basic LCA elements, such as the defined goal with the corresponding information on the functional unit and assessed impact categories.
Harmonization Approach for LCA Datasets
General Framework
Based on this equation, two levels of harmonization were discerned in [11, 12] . The first level involves an in-depth investigation of the underlying LCA studies in terms of the alignment of the total GHG impacts with a consistent life cycle, i.e., including or excluding components and life-cycle stages in or from the numerator W. The second level is less resource-intensive and includes only the harmonization of the GHG impacts according to Equation (1). Whereas both levels were applied in H , the results of the sensitivity analysis of the median are included in Figure 2 . For the discussion of the results, three premises were used. Firstly, as the median of each KEYI decreased, so did the life-cycle impacts that occurred, together with an improvement in the environmental performance. Secondly, as the IQR decreased, the harmonized KEYIs became more robust; however, here, the number of studies was taken into account since a small IQR resulting from a small number of datasets, possibly from one study with common assumptions, may have been subject to uncertainties. Thirdly, a sharper decrease in the median for the sensitivity analysis resulted in a stronger influence of the efficiency on the result. For an in-depth interpretation of the results, the influences of the KEYAs on the KEYIs and the tradeoffs occurring during the life cycle of PVs were evaluated. The evaluation was based on the single included LCA datasets and the single options of the KEYAs, which were laboratory vs. pilot/industrial for the technology scale, PV cell vs. PV module/system for the considered product system, and upstream vs. downstream impacts for the system boundary.
Regarding technology scale, the pilot or industrial scale was obviously predominated by the OPV dataset results, while, in the case of PSC, the majority of LCA datasets were distributed to the laboratory scale. For PSC, this difference in the technology scale resulted in both higher values and a larger distribution of PSC results compared with OPV, in particular for the three following KEYIs: For CED and GWP, the best environmental performance in terms of the lowest and most robust results was found for OPV: 2 MJ PE/W p and 228 g CO 2 -eq/W p , respectively. The highest and least robust results were indicated for PSC, with the lowest results in the range of the OPV median and the highest results over 100-fold higher. Both findings were based on a substantial number of LCA studies (between five and 13 studies, providing between 18 and 59 datasets). For DSSC and QDPV, only CED and GWP were assessed. Both KEYIs were higher than OPV but lower than PSC. However, the findings on DSSC and QDPV were limited to a single LCA study, including three or fewer LCA datasets. In contrast to OPV, the medians of both KEYIs decreased sharply with increasing efficiency for PSC, DSSC, and QDPV. However, DSSC and QDPV came close to the OPV values in the case of an efficiency of 20%, but there was still a wide gap with PSC. Accordingly, the results of PSC, DSSC, and QDPV were highly influenced by efficiency increase.
For the other three KEYIs, RDPf, ETPf, and HTPc, results were only available for OPV and PSC. Here, OPV again performed better than PSC for the two toxicity indicators, although it should be noted that this finding resulted from only one LCA study providing eight LCA datasets with similar assumptions; thus, little to no deviations existed. The boxplots and sensitivity analyses showed similar curves for the toxicity indicators compared with CED and GWP. Even though there was no quantifiable correlation between the CED and the two toxicity indicators, there was an apparent dependency. Contrary to this, the results indicated that there was no correlation at all between the CED and the related high fossil fuel share and RDPf. The medians of RDPf, resulting from three and four LCA studies with 11 and 18 LCA datasets, were similar to OPV and PSC, with a slightly higher value for OPV. Although fossil fuels and mineral resources were included in RDPf, this KEYI was more influenced by the mineral resources due to their higher characterization factors. However, the characterization factors of silver and gold as the most used materials of the back electrode of OPV and PSC were over 8 kg Sb-eq/kg; for fossil fuels, they were less than 1.0 × 10 −7 kg Sb-eq/kg. The sensitivity analysis also showed that both emerging PVs had similar curves. However, considering, in general, the higher efficiency of PSC, PSC performed better than OPV for RDPf. Accordingly, there was no shift in negative environmental impacts from the energy-related and material-related KEYIs and, consequently, no tradeoffs were expected.
For an in-depth interpretation of the results, the influences of the KEYAs on the KEYIs and the tradeoffs occurring during the life cycle of PVs were evaluated. The evaluation was based on the single included LCA datasets and the single options of the KEYAs, which were laboratory vs. pilot/industrial for the technology scale, PV cell vs. PV module/system for the considered product system, and upstream vs. downstream impacts for the system boundary.
Regarding technology scale, the pilot or industrial scale was obviously predominated by the OPV dataset results, while, in the case of PSC, the majority of LCA datasets were distributed to the laboratory scale. For PSC, this difference in the technology scale resulted in both higher values and a larger distribution of PSC results compared with OPV, in particular for the three following KEYIs: CED, GWP, and HTPc (Figure 3 ). The reasons for this might have been the influence of the technology scale and tradeoffs resulting from the layer materials and deposition methods used in laboratories and might not have resulted from tradeoffs during the life cycle, indicated by the considered product system or system boundaries. In order to verify this finding, disaggregated information on each layer of the PSC cells was evaluated. The evaluation indicated three kinds of tradeoffs originating from the layer materials and deposition methods, as discussed below.
Firstly, the selection of layer materials influences the environmental performance of each layer and is expected to be different for industrial and laboratory productions. For example, for PVs, gold, as the typically used material for the back electrode on the laboratory scale, has a much higher impact than silver and aluminum used on the pilot or industrial scale [35] [36] [37] 40] . Secondly, in the laboratory, the thickness of a layer is not of great relevance and often not measured, so more material than necessary for the optimal performance is used. Thirdly, energy-inefficient deposition methods are applied on the laboratory scale compared with the pilot or industrial scale. Several publications support this finding, e.g., the CED of the back electrode was reduced by six-fold from the laboratory deposition of gold by thermal evaporation (36 MJ PE/W p ) [40] to the industrial scale in which gold was substituted by C-paste and deposited by spray coating (4 MJ PE/W p ) [35] . For the active layer, even higher reductions of up to 15-fold were reported. Similar results were observed for OPV development. Starting with a CED of 47 MJ PE/W p for manufacturing an OPV cell on the laboratory scale, including typical laboratory manufacturing surroundings such as a nitrogen atmosphere and deposition methods such as spin-coating and annealing for depositing the active layer and thermal evaporation for the electrodes [33] , the CED was reduced significantly to 6.3 MJ PE/W p [23] and 0.7 MJ PE/W p [32] by enhancing the PV cell manufacturing to roll-to-roll production with the deposition method of slot die coating and screen printing without nitrogen atmosphere. necessary for the optimal performance is used. Thirdly, energy-inefficient deposition methods are applied on the laboratory scale compared with the pilot or industrial scale. Several publications support this finding, e.g., the CED of the back electrode was reduced by six-fold from the laboratory deposition of gold by thermal evaporation (36 MJ PE/Wp) [40] to the industrial scale in which gold was substituted by C-paste and deposited by spray coating (4 MJ PE/Wp) [35] . For the active layer, even higher reductions of up to 15-fold were reported. Similar results were observed for OPV development. Starting with a CED of 47 MJ PE/Wp for manufacturing an OPV cell on the laboratory scale, including typical laboratory manufacturing surroundings such as a nitrogen atmosphere and deposition methods such as spin-coating and annealing for depositing the active layer and thermal evaporation for the electrodes [33] , the CED was reduced significantly to 6.3 MJ PE/Wp [23] and 0.7 MJ PE/Wp [32] by enhancing the PV cell manufacturing to roll-to-roll production with the deposition method of slot die coating and screen printing without nitrogen atmosphere. For the considered product system, no influence could be determined due to the limited number of LCA datasets reporting the contributions of the additional components of the PV modules, the encapsulation, and the PV system (the BOS). Nonetheless, for PSC only, three LCA studies enabled the consideration of the additional components. However, in contrast to the literature [50] , no tradeoffs of the additional components could be determined since their contributions were less than 5% [37, 39, 40] . This might be explained by the high impacts resulting from the production of the PSC cells compared with the small contributions of the additional components. For the other three emerging PVs with lower impacts, the additional components, especially the BOS, showed high contributions to all five KEYIs, ranging from 11% to 48% [50] .
Regarding system boundaries, in the case of the status quo analysis, the operation phase was excluded by definition, and the only two possible options were the upstream stage and the combination of up-and downstream stage. The inclusion of the downstream stage led to a rather minor increase in results for CED. However, the influence of the downstream stage on CED was For the considered product system, no influence could be determined due to the limited number of LCA datasets reporting the contributions of the additional components of the PV modules, the encapsulation, and the PV system (the BOS). Nonetheless, for PSC only, three LCA studies enabled the consideration of the additional components. However, in contrast to the literature [50] , no tradeoffs of the additional components could be determined since their contributions were less than 5% [37, 39, 40] . This might be explained by the high impacts resulting from the production of the PSC cells compared with the small contributions of the additional components. For the other three emerging PVs with lower impacts, the additional components, especially the BOS, showed high contributions to all five KEYIs, ranging from 11% to 48% [50] .
Regarding system boundaries, in the case of the status quo analysis, the operation phase was excluded by definition, and the only two possible options were the upstream stage and the combination of up-and downstream stage. The inclusion of the downstream stage led to a rather minor increase in results for CED. However, the influence of the downstream stage on CED was negligible compared with the upstream impacts, since the impacts were less than 5% in the case of landfill as end-of-life treatment and even lower in the case of incineration [37, 40] ; this mattered for the other four KEYIs. In particular, for ETPf, there were two outliers (2000 CTUe/W p and 4200 CTUe/W p ). Looking only at the downstream stage, the different choices of end-of-life treatment led to higher differences in the KEYIs. Landfill and incineration without lead recycling, had higher impacts with respect to HTPc and ETPf. Particularly, for ETPf, landfill as end-of-life treatment significantly increased the toxicity potential due to the released lead to the environment [38] . Incineration with lead recycling showed less impacts compared with landfill for ETPf and even negative impacts for HTPc and RDPf [38] . Except for ETPf, the influence and tradeoffs of the end-of-life treatment were minor compared with the high upstream impacts of the manufacturing in laboratories.
Future Prospects of Emerging PVs
For the assessment of future prospects of environmental performance, in the first step, the status quo of emerging PVs was contrasted with commercial first-and second-generation PVs, thus providing a benchmark for the technological development of emerging PVs. In the second step, the possible contribution of environmental performance resulting from changes in the most influencing factors, including efficiency, lifetime, and upscaling of production, by means of sensitivity and scenario analyses, was assessed.
The conversion of the KEYIs to the functional unit of 1 kWh was based on the consistent KEYPs ( ). For CTZSSe, no relevant LCA dataset was found. Therefore, this is meta-analysis.
Datasets
onization was based on the approach of [11, 12] , which was and second-generation PVs. Their general framework for described by Equation (1).
issions in g CO2-equivalent (eq) per functional unit of 1 kWh, W r the life cycle in g CO2-eq, I is the irradiation in kWh/(m²•year), ɳ R is the performance ratio of PV systems as a percentage, τ is the module area in m². evels of harmonization were discerned in [11, 12] . The first level of the underlying LCA studies in terms of the alignment of the nt life cycle, i.e., including or excluding components and life-cycle . The second level is less resource-intensive and includes only the s according to Equation (1) . Whereas both levels were applied in of [11] was exclusively restricted to the second level, i.e., no values of I, ɳ, PR, and τ were defined and the GHG impacts were es using a developed spreadsheet-based meta-model. armonization approach encompassed the second level of the f PR, I, ɳ, and τ as a consistent set, which is generally necessary for nology. However, from the systematic review, three requirements oach of [11] regarding emerging PVs. Firstly, different functional H , PR H , I H ), given in Table 3 . To depict the current state of development as the basis of the sensitivity analysis, the maximum reported lifetimes of seven years for OPV [46] and one year for PSC and QDPV were used [44, 61] . For DSSC, no lifetime assumptions were found; thus, one year was used as well. As benchmarks representing the two first-generation PVs, monocrystalline silicon (Mono-Si) and multicrystalline silicon (Multi-Si), the harmonized results of Hsu et al. [11] were applied; also, for the three second-generation PVs, amorphous silicon (a-Si), cadmium-telluride solar cells (CdTe), and copper-indium-gallium-diselenide solar cells (CIGS), the results of Kim et al. [12] were applied. As both studies reported only results for GWP, the comparison with commercial PVs was limited to this KEYI. In Figure 4 , the results of this comparison are presented as boxplots of each PV technology; insights into the other KEYIs can be drawn from the results of the status quo. OPV is the only emerging PV that presently meets the benchmark of the commercial technologies, although OPV has only a seven-year lifetime compared with the 30 years of commercial PVs. The median of OPV was in a similar range to CdTe, the commercial PV with the lowest GWP impacts. The other PVs were 5-70-fold higher than the commercial benchmarks.
laboratories.
Future Prospects of Emerging PVs
The conversion of the KEYIs to the functional unit of 1 kWh was based on the consistent KEYPs (ɳH, PRH, IH), given in Table 3 . To depict the current state of development as the basis of the sensitivity analysis, the maximum reported lifetimes of seven years for OPV [46] and one year for PSC and QDPV were used [44, 61] . For DSSC, no lifetime assumptions were found; thus, one year was used as well. As benchmarks representing the two first-generation PVs, monocrystalline silicon (Mono-Si) and multicrystalline silicon (Multi-Si), the harmonized results of Hsu et al. [11] were applied; also, for the three second-generation PVs, amorphous silicon (a-Si), cadmium-telluride solar cells (CdTe), and copper-indium-gallium-diselenide solar cells (CIGS), the results of Kim et al. [12] were applied. As both studies reported only results for GWP, the comparison with commercial PVs was limited to this KEYI. In Figure 4 , the results of this comparison are presented as boxplots of each PV technology; insights into the other KEYIs can be drawn from the results of the status quo. OPV is the only emerging PV that presently meets the benchmark of the commercial technologies, although OPV has only a seven-year lifetime compared with the 30 years of commercial PVs. The median of OPV was in a similar range to CdTe, the commercial PV with the lowest GWP impacts. The other PVs were 5-70-fold higher than the commercial benchmarks. The identified literature references were primarily screened, and suitable LCA studies and datasets were selected for inclusion in this meta-analysis. The following inclusion criteria were applied:
•
Harmonization Approach for LCA Datasets
General Framework
In this meta-analysis, the harmonization approach encompassed the second level of the definition of the standard values of PR, I, ɳ, and τ as a consistent set, which is generally necessary for the characterization of any PV technology. However, from the systematic review, three requirements were identified to widen the approach of [11] regarding emerging PVs. Firstly, different functional H = 13%; Multi-Si: The identified literature references were primarily screened, and suitable LCA studies datasets were selected for inclusion in this meta-analysis. The following inclusion criteria applied:
Relevance of the technologies: Only emerging PVs from the fields of DSSC, OPV, PSC, Q and CTZSSe were considered in this meta-analysis.
•
Quality and relevance of the LCA study: The underlying LCA study of a literature referenc to be in compliance with the ISO 14040/14044 standards [1, 2] .
Completeness and transparency of the LCA study: In this meta-analysis, as a mini requirement, the product system needed to consider at least the upstream impacts of PV (Figure 1) . Transparency had to be ensured with respect to basic LCA elements, such a defined goal with the corresponding information on the functional unit and assessed im categories.
The primary screening resulted in 28 LCA studies (three DSSC, 16 OPV, eight PSC, one Q and zero CTZSSe) on the considered emerging PVs. In most LCA studies, different layer mate deposition methods, and end-of-life-treatments were analyzed, resulting in more than one dataset per LCA study. Therefore, the 28 LCA studies were further subdivided into 134 LCA dat The following secondary inclusion criteria were applied to select suitable LCA datasets:
(2) The LCA dataset included, as a minimum life cycle, impacts of the energy demand o contributed GHG emissions of the production of PV cells. (3) The LCA dataset included information necessary for the conversion of the functional unit t Wp, or kWh.
Finally, a total number of 22 LCA studies (three DSSC, 67 OPV, 23 PSC, and one QDPV) a LCA datasets were included in this meta-analysis. The excluded LCA datasets are summariz Table S2 (Supplementary Materials). For CTZSSe, no relevant LCA dataset was found. Therefore emerging PV was excluded from this meta-analysis.
Harmonization Approach for LCA Datasets
General Framework
The methodology for harmonization was based on the approach of [11, 12] , which conceptually designed for first-and second-generation PVs. Their general framework harmonizing LCA results for PV is described by Equation (1).
where GHG stands for the GHG emissions in g CO2-equivalent (eq) per functional unit of 1 kW refers to the total GHG emitted over the life cycle in g CO2-eq, I is the irradiation in kWh/(m²•ye is the efficiency as a percentage, PR is the performance ratio of PV systems as a percentage, τ lifetime in years, and A is the total module area in m².
Based on this equation, two levels of harmonization were discerned in [11, 12] . The first involves an in-depth investigation of the underlying LCA studies in terms of the alignment o total GHG impacts with a consistent life cycle, i.e., including or excluding components and lifestages in or from the numerator W. The second level is less resource-intensive and includes on harmonization of the GHG impacts according to Equation (1) . Whereas both levels were appli [12] , the harmonization approach of [11] was exclusively restricted to the second level, i.e alignment of W, whereby standard values of I, ɳ, PR, and τ were defined and the GHG impacts harmonized to these standard values using a developed spreadsheet-based meta-model.
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The primary screening resulted in 28 LCA studies (three DSSC, 16 OPV, and zero CTZSSe) on the considered emerging PVs. In most LCA studies, di deposition methods, and end-of-life-treatments were analyzed, resulting in dataset per LCA study. Therefore, the 28 LCA studies were further subdivided The following secondary inclusion criteria were applied to select suitable LCA (1) The LCA dataset was not published previously in another LCA study.
(2) The LCA dataset included, as a minimum life cycle, impacts of the e contributed GHG emissions of the production of PV cells. (3) The LCA dataset included information necessary for the conversion of th Wp, or kWh.
Finally, a total number of 22 LCA studies (three DSSC, 67 OPV, 23 PSC, a LCA datasets were included in this meta-analysis. The excluded LCA datas Table S2 (Supplementary Materials). For CTZSSe, no relevant LCA dataset wa emerging PV was excluded from this meta-analysis.
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The methodology for harmonization was based on the approach o conceptually designed for first-and second-generation PVs. Their ge harmonizing LCA results for PV is described by Equation (1).
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Based on this equation, two levels of harmonization were discerned in [11, 12] . The first level volves an in-depth investigation of the underlying LCA studies in terms of the alignment of the tal GHG impacts with a consistent life cycle, i.e., including or excluding components and life-cycle ages in or from the numerator W. The second level is less resource-intensive and includes only the armonization of the GHG impacts according to Equation (1) . Whereas both levels were applied in 2], the harmonization approach of [11] was exclusively restricted to the second level, i.e., no lignment of W, whereby standard values of I, ɳ, PR, and τ were defined and the GHG impacts were armonized to these standard values using a developed spreadsheet-based meta-model.
In this meta-analysis, the harmonization approach encompassed the second level of the efinition of the standard values of PR, I, ɳ, and τ as a consistent set, which is generally necessary for e characterization of any PV technology. However, from the systematic review, three requirements ere identified to widen the approach of [11] regarding emerging PVs. Firstly, different functional H = 11.5%) taken from References [11, 12] .
To analyze the influence of development on the efficiency, lifetime, and upscaling, the following assumptions for the sensitivity analyses were made:
1.
Efficiency increase from 1% to 25% (the latter value was set as the most optimistic assumption based on the maximum reported efficiency [3]); 2.
Lifetime increase from the minimum reported lifetime of one year to the most optimistic assumption of 30 years as the typical lifetime of first-and second-generation PVs; 3.
Upscaling of production from the laboratory to industrial scale was depicted as changes in the energy demand from −90% to 90% (as a proxy of the environmental impact in general) and, consequently, of the GWP impacts in the same range as a consequence of this technology scale leap. The results of the three sensitivity analyses are presented in Figure 5 . The efficiency increase had the lowest influence. An efficiency increase would achieve lower results for OPV than for CdTe, but for PSC, an increase to 25% would result in 40-fold higher GWP than Multi-Si, the most common commercial PV with the highest GWP impact of 47 g CO 2 -eq/kWh. DSSC and QDPV showed values that were many times more than the commercial PVs as well. The lifetime increase to 30 years showed the highest contributions to GWP reduction. For OPV, the GWP could be decreased to 29% of CdTe and even 12% of Multi-Si; for PSC, the GWP was still higher but could be decreased to twice the Multi-Si impact. DSSC and QDPV were in the range of the benchmarks after lifetime increases to 20 and five years, respectively. The change in technology scale with stagnation of lifetime would result only in competitive GWPs for OPV, by an increase of 90% of the GWP impacts, and for QDPV, by reductions of 90%. Considering that GWP correlated directly to the energy demand, a reduction by 90% of the energy demand resulted in a reduction of 90% of the GWP impact.
2. Lifetime increase from the minimum reported lifetime of one year to the most optimistic assumption of 30 years as the typical lifetime of first-and second-generation PVs; 3. Upscaling of production from the laboratory to industrial scale was depicted as changes in the energy demand from −90% to 90% (as a proxy of the environmental impact in general) and, consequently, of the GWP impacts in the same range as a consequence of this technology scale leap.
The results of the three sensitivity analyses are presented in Figure 5 . The efficiency increase had the lowest influence. An efficiency increase would achieve lower results for OPV than for CdTe, but for PSC, an increase to 25% would result in 40-fold higher GWP than Multi-Si, the most common commercial PV with the highest GWP impact of 47 g CO2-eq/kWh. DSSC and QDPV showed values that were many times more than the commercial PVs as well. The lifetime increase to 30 years showed the highest contributions to GWP reduction. For OPV, the GWP could be decreased to 29% of CdTe and even 12% of Multi-Si; for PSC, the GWP was still higher but could be decreased to twice the Multi-Si impact. DSSC and QDPV were in the range of the benchmarks after lifetime increases to 20 and five years, respectively. The change in technology scale with stagnation of lifetime would result only in competitive GWPs for OPV, by an increase of 90% of the GWP impacts, and for QDPV, by reductions of 90%. Considering that GWP correlated directly to the energy demand, a reduction by 90% of the energy demand resulted in a reduction of 90% of the GWP impact. In particular, for PSC and DSSC, combinations of improvement of the influencing factors in order to reach the benchmarks were needed. In Figure 6 , the most promising combinations are presented as scenario analyses of lifetime increase combined with efficiency increase and upscaling reduction. Based on this, PSC would need a 90% reduction and a five-year lifetime, only a 50% reduction but a lifetime of 30 years, or a lifetime of 15 years and an efficiency of 20%. The scenario In particular, for PSC and DSSC, combinations of improvement of the influencing factors in order to reach the benchmarks were needed. In Figure 6 , the most promising combinations are presented as scenario analyses of lifetime increase combined with efficiency increase and upscaling reduction. Based on this, PSC would need a 90% reduction and a five-year lifetime, only a 50% reduction but a lifetime of 30 years, or a lifetime of 15 years and an efficiency of 20%. The scenario analyses of the other combinations were not as promising; they can be found in Figure S1 (Supplementary Materials) . Although the reduction of 90% is on one hand, arbitrary and not substantiated by a specific study, the review of the literature indicated that this is an optimistic but realistic assumption due to the expected improvements from laboratory to industrial scale regarding the material selection, material quantities, and efficiency of deposition methods.
Based on the insights from the status quo analysis, the behavior of the material-related KEYIs was quantitatively envisaged. They are expected to behave similarly to CED and GWP regarding lifetime and efficiency changes, since this behavior is described based on Equation (7) . Accordingly, no tradeoffs were expected from these factors. In contrast to this, the KEYIs would behave differently regarding upscaling and change in energy demands. In particular, for RDPf, no significant changes would be expected from a decrease in energy demand during production due to the low contribution of the energy-related fossil fuel resources to this KEYI. For the other two KEYIs (HTPc and ETPf), lower energy demands would be expected to result in reductions, even if not to the same extent as for GWP. Here, tradeoffs between life cycle stages might be expected. The reduction of the upstream impact might result in increasing contributions of the downstream impact.
would be expected from a decrease in energy demand during production due to the low contribution of the energy-related fossil fuel resources to this KEYI. For the other two KEYIs (HTPc and ETPf), lower energy demands would be expected to result in reductions, even if not to the same extent as for GWP. Here, tradeoffs between life cycle stages might be expected. The reduction of the upstream impact might result in increasing contributions of the downstream impact. 
Discussion
The environmental performance of emerging PVs was investigated based on a meta-analysis, including a systematic review and harmonization approach of 94 LCA datasets on DSSC, OPV, PSC, and QDPV. The systematic review showed that the definitions of the KEYPs, as well as the KEYAs, especially the technology scale, were not reported and explained sufficiently. For transparency reasons, the report of these values and the classification of the technology scale are highly recommended. The benefits of the harmonization approach are twofold. Firstly, it reduces the deviations of LCA results through the use of standard values of the KEYPs. Secondly, the alignment of LCA results to two alternative functional units enables a substantiated discussion of the environmental performance of emerging PVs for the two cases of status quo and future prospects. The status quo encompasses technology scales from the early laboratory state; here, the functional unit of 1 Wp restricted the comparison of the material-related property related information of PV only to the industrial manufacturing scale. Here, in contrast, the functional unit of 1 kWh included additional information on the application by integrating the lifetime into the comparison. Thus, a comparison of emerging to commercial technologies was feasible in view of identifying benchmarks 
The environmental performance of emerging PVs was investigated based on a meta-analysis, including a systematic review and harmonization approach of 94 LCA datasets on DSSC, OPV, PSC, and QDPV. The systematic review showed that the definitions of the KEYPs, as well as the KEYAs, especially the technology scale, were not reported and explained sufficiently. For transparency reasons, the report of these values and the classification of the technology scale are highly recommended. The benefits of the harmonization approach are twofold. Firstly, it reduces the deviations of LCA results through the use of standard values of the KEYPs. Secondly, the alignment of LCA results to two alternative functional units enables a substantiated discussion of the environmental performance of emerging PVs for the two cases of status quo and future prospects. The status quo encompasses technology scales from the early laboratory state; here, the functional unit of 1 W p restricted the comparison of the material-related property related information of PV only to the industrial manufacturing scale. Here, in contrast, the functional unit of 1 kWh included additional information on the application by integrating the lifetime into the comparison. Thus, a comparison of emerging to commercial technologies was feasible in view of identifying benchmarks of environmental performance; based on these benchmarks, the high uncertainty as to a future use phase was tackled by means of sensitivity analysis, leading to a scenario approach for different strategies of further technology development.
The analysis of the status quo based on the harmonized KEYIs showed the differences between the four assessed emerging PVs in terms of the median and IQR. In general, it should be noted that, for DSSC and QDPV, only a very limited number of LCA datasets were available, which generally restricted the validity of conclusions for these two technologies. For OPV, which was based on 67 LCA datasets, by far the lowest values for the median, i.e., best environmental performance, were found for all KEYIs except for resource depletion, RDPf, where the difference to PSC was low. Also, IQR was by far the lowest for OPV. The analysis of the KEYAs confirmed that these findings stood for a rather mature technology from the environmental perspective that is ready to enter the market; the good environmental performance could be mostly attributed to the low impact from production and less to the efficiency. On the contrary, for PSC, a far higher median was found; also, after harmonization, high deviations of results depicted a large IQR. As the functional unit of 1 W p represented the material-related properties of the PV only, the reasons for these results may have come from two contributions: the kind of layer material and the energy demand of the layer deposition, i.e., the stage of technology development. The KEYAs and an in-depth analysis of the underlying LCA studies confirmed the high share of LCA datasets that were based on the early stage of development, associated with inefficient manufacturing methods of laboratory components and, thus, high energy demand. RDPf was the only KEYI not influenced by high energy demand and, for which, PSC could keep up at the current stage of development with OPV due to its higher efficiency. Based only on the material, the downstream phase could also be investigated as part of the status quo analysis. Based on the assumption of an advanced waste management, the influence of end-of-life treatment in general was low compared with the upstream impact.
For the analysis of future prospects, the use phase was included as additional information, notably the lifetime of the respective emerging PV. Based on the results of the current stage of development and assumptions on lifetime from the literature, the comparison with commercial PVs of the firstand second-generation PVs showed that, currently, OPV is the only emerging PV that can compete with commercial PVs, which was in line with the earlier finding that, out of the four investigated technologies, OPV is the only mature one. The future prospects of the other three technologies could be explored by sensitivity analysis of the three influencing factors of efficiency, lifetime, and upscaling; for the latter, the energy demand was used as a proxy for environmental impact in general. The results of the sensitivity analysis showed that efficiency increase had the lowest influence. Consequently, enhancement of efficiency alone could not make any of the three emerging technologies competitive with respect to the environmental performance of commercial PVs. Lifetime and energy efficiency had a greater influence and might be important, notably for DSSC, QDPV, and PSC. In general, a combination of improvements in each of the three influencing factors would be the most promising way to competitiveness. For this, the sensitivity analysis could be widened to a scenario analysis in order to identify successful combinations of improvements, where each contribution could be substantiated by the current state of evidence from the laboratory. This was explored in detail for PSC and DSSC. Current LCA results confirmed that considerable potential for improvement lies in the combination of a lifetime increase from five to 30 years and upscaling to the industrial scale, with expected reductions of more than 90%.
Conclusions
The application of LCA for emerging technologies has contradictory requirements. On one hand, the room for maneuvering in terms of freedom of design is largest in the early stages of technology development, which calls for a very early application in support of the development process. On the other hand, uncertainty of data for the technology alternatives for the future use phase compromises the usefulness of results from LCA for decision support. The developed harmonization approach for emerging PV presents a structured way not only to reduce uncertainty but also to extract significant information from the point of view of different stages of technology development. For the status quo analysis, information was reduced to the material-related properties, thus removing the high uncertainties resulting from assumptions of the future use phase. For the analysis of future prospects, the uncertainty of the use phase was handled by means of sensitivity and scenario analyses, where comparison with commercial PVs had the function of a benchmark that could be used for analysis of the current stage and strategies of technology development.
The important findings for the status quo concerned the characterization of the differences between PV technologies related to their selected materials and their current stage of development. The harmonized KEYIs showed important differences between technologies, and also within the technology of PSC, which could be attributed to the underlying material systems. Conclusions from the analysis of these differences were twofold. Firstly, possible tradeoffs between impact categories, notably those related to energy and those related to toxicity, were not as relevant as might have been expected. An important caveat is that this conclusion was based on a future end-of-life phase that met the requirement of a state-of-the art waste management system, ensuring sound management of toxic compounds of PV materials. Interestingly, a positive contribution from the end-of-life phase to the environmental performance of emerging PVs could possibly be envisaged from advanced recycling technologies for materials that are currently not well developed and, thus, not reflected by LCA studies. Secondly, a significant influence of different material systems can be seen for the energy-related KEYIs, which resulted from the interdependence of selected material system and layer manufacturing techniques. The latter indicated the high contribution of inefficient laboratory manufacturing to the status quo performance of emerging PV. Future LCAs could be supported by a more in-depth investigation of upscaling, yielding information on methods, materials, and cell configurations of industrial manufacturing.
The investigation of future performance of emerging PVs showed that, to meet today's technology benchmarks, a combination of improvements in the factors of lifetime and upscaling would be most promising for PSC. OPV already meets the performance level with respect to KEYIs per kWh of today's best technologies. However, the low efficiency and the related high demand of area in combination with the still low lifetime of far below 20 years hinders its application as a surrogate of today's roof application. In the case of PSC, energy savings from upscaling, as well as the possible lifetime, are crucial factors for application. Current studies gave evidence that, for PSC, an increased environmental performance from upscaling can be expected with a high probability. Regarding possible lifetimes of PSC in real world conditions, until now, no reliable statement can be made. However, if the challenge of a high lifetime can be managed successfully by technology improvement, in view of the already high efficiency, this technology might be a future substitute or supplement for roof application, competing with or even exceeding the performance of today's PVs. Here, one development went for tandem application with enhanced efficiencies [3, 62, 63] . With respect to the other two emerging PVs, DSSC and QDPV, as of now, the available literature is too small to draw conclusions for future prospects.
As a general conclusion regarding LCA studies on emerging technologies, these insights point to the importance of the intended application of a technology that received little attention in LCA studies for PVs until now. Most current studies implicitly assumed that emerging PVs will substitute existing ones or other electricity generation technologies feeding the grid. However, due to their novel properties, emerging PVs might have many other applications even at shorter lifetimes than today's PVs, such as small devices, e.g., mobile chargers, lamps, clothes, and other gadgets. Due to the change in intended application, other benchmarks for technology development and comparisons of the environmental performance need to be considered for these devices. As a first example, in [64] an LCA of a mobile charger with an integrated OPV cell was performed and the environmental performance in comparison with substituted electricity from the grid as a benchmark was analyzed. Obviously, for such novel applications, behavioral aspects in the use phase, as well as different requirements for the end-of-life management, might substantially influence environmental performance in the life cycle [64] . Thus, for a comprehensive picture of future environmental performance of emerging technologies, not only the technology itself but also emerging applications of technologies should be considered in LCA studies.
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